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Abstract 
Sputter-deposited Al-doped ZnO (AZO) films have been widely used as the front transparent conductive electrode for superstrate 
thin-film silicon (Si) solar cells. The AZO layer must be conductive enough to enable the lateral transport of electrons and 
sufficiently transparent to incoming light. In addition, the front AZO layer requires a rough surface texture morphology for light 
trapping, which improves the solar cell’s current and efficiency. In this work, three types of AZO films with different layer 
thicknesses are prepared by pulsed DC magnetron sputtering. The post-deposition texturing is performed by using diluted 
hydrochloric (HCl) acid. After the HCl texturing, we find that not only the electrical performance, but also the optical scattering 
and morphological properties of the surface-etched AZO films can greatly depend on the initial AZO layer thickness. The AZO 
layer needs to be thick enough (~700 nm) in order to obtain good surface texturing properties for thin-film Si solar cell applications. 
 
© 2015 The Authors. Published by Elsevier Ltd. 
Selection and/or peer-review under responsibility of the scientific committee of Symposium 2015 ICMAT. 
Keywords: AZO; thickness; HCl etching; magnetron sputtering; thin-film Si solar cells. 
 
 
 
* Corresponding author. Tel.: +65 8265 6479; fax: +65 6775 1943 
E-mail address: xiayan@u.nus.edu; s.venkataraj@nus.edu.sg 
 2016 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
Selection and/or peer-review under responsibility of the scientific committee of Symposium 2015 ICMAT
135 Xia Yan et al. /  Procedia Engineering  139 ( 2016 )  134 – 139 
Nomenclature 
d Layer thickness 
Haze Visible haze value 
Rsh Sheet resistance 
Tvis  Visible transmission 
Tdiff Diffuse transmission 
Ttotal Total transmission 
1. Introduction 
Sputter-deposited Al-doped ZnO (AZO) is one of the most widely used transparent conductive oxide (TCO) 
materials for superstrate thin-film silicon (Si) solar cells [1-3]. As the front electrode, the AZO layer must be 
conductive enough to enable the lateral transport of electrons while sufficiently transparent (> 80%) to incoming light 
[4]. In addition, to improve the device performance, the front AZO layer requires a rough surface texture for light 
trapping purposes [5-7]. The previous literature suggests that the layer thickness of the AZO films could have great 
influence on their electrical, optical and structural properties [8-12]. But little is known about the effect of thickness 
variations on the surface texturing properties of post-deposition surface-etched AZO films. 
In this work, three types of AZO films with different layer thicknesses (900, 700 and 500 nm) are prepared at the 
same conditions by magnetron sputtering. The post-deposition texturing is performed by using diluted hydrochloric 
(HCl) acid. After the HCl texturing, we find that not only the electrical performance, but also the optical scattering 
and morphological properties of the surface-etched AZO films can greatly depend on the initial layer thickness. 
Undesired texture features and limited light scattering are observed on the thin AZO films with 500 nm, compared to 
these thick films with 700 and 900 nm. This study helps to better understand the thickness effect of AZO films on the 
surface texturing properties, especially for thin-film Si solar cell applications. 
2. Experimental details 
AZO films were deposited onto planar soda-lime glass sheets in an inline sputter machine (Model Line540 from 
FHR Anlagenbau GmbH). Figure 1(a) schematically illustrates the deposition process using dual cylindrical rotatable 
ZnO:Al2O3 (98:2 wt%) targets operated by a pulsed DC power of 2 kW. During deposition, the process chamber was 
heated by resistive heaters to a high temperature of 375°C, which corresponds to a200º C substrate temperature in this 
machine. Ar and O2 (1%) diluted Ar were employed as the sputtering gases. During deposition the chamber pressure 
was maintained constant at around 3×10-3 mbar. The sputtering was performed in a dynamic substrate mode. 
Approximately 900, 700 and 500 nm thick AZO films were deposited onto the glass sheets when oscillating for 18, 
14 and 10 passes, see Fig. 1(b). After deposition, these AZO films were surface textured by following the widely 
accepted texturing procedure using 0.5% diluted HCl acid. 
The electrical performance was represented by the sheet resistance (Rsh) values measured with the four-point probe 
method (AIT CMT-SERIES). The etched-surface morphology was analysed by atomic force microscopy (AFM; 
Veeco, NanoScope D3100), which presents a 3-dimentional surface topography of the texture features. The optical 
properties, both visible transmission (Tvis) and haze values (in the 350 - 700 nm range), of the AZO films were 
quantitatively evaluated with a hazemeter (BYK-Gardner, haze-gard plus). The haze value is one of the widely 
accepted parameters to represent the light scattering capabilities of textured surfaces [13-15]. It is defined as the ratio 
of the diffuse transmission (Tdiff) and total transmission (Ttotal), as shown in Eq. 1: 
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Fig. 1. Schematic diagram of (a) AZO deposition process, and (b) sputter-deposited AZO films. 
3. Results and discussion 
Figure 2 compares the variation of visible transmission (Tvis), haze value (Haze), sheet resistance (Rsh) and layer 
thickness (d) of surface textured AZO films as a function of the HCl etching time from 0 to 50 s, with different initial 
layer thicknesses. The results of 0 s correspond to as-grown film properties without any texturing treatment. After 
surface etching, similar trends are observed between the AZO films with an initial layer thickness of 900 and 700 nm, 
see Figs. 2(a, b). The corresponding as-grown AZO films show a low sheet resistance of 5.5 Ω/sq and 8.4 Ω/sq, 
respectively, which gradually increases by ~40% to 7.7 Ω/sq and 12.4 Ω/sq while increasing the etching time to 50 s. 
At the same time, the haze value increases from less than 1% to a peak value of around 31% for both films after 
etching for 40 s. 
In contrast, the sheet resistance of the 500 nm thick AZO films increases significantly from the initial 17.8 Ω/sq to 
57.4 Ω/sq as the etching time increases from 0 to 50 s, see Fig. 2(c). Meanwhile the visible haze value only increases 
to 20% after 40 s of HCl etching. In addition to the property variations, the etching rate of the thin films (~60 nm/s) 
is also a bit higher compared to that of the two thick films (~40 nm/s). This high etching rate is very likely due to the 
less compact structure and porous surface-etched textures of the 500 nm thick AZO films. 
For thin-film Si solar cell applications, the front TCO layer needs to have a low electrical resistance and high optical 
transparency especially in the visible range [16]. In our case, all textured AZO films show a high visible transmission 
of above 80%. But only the 900 and 700 nm thick AZO films are able to maintain a good sheet resistance (< 12 Ω/sq) 
after HCl etching for 40 s. In addition, these two thick AZO films show good light scattering abilities with a high 
visible haze value of ~31%, which is crucial for high-efficiency thin-film Si solar cells. 
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Fig. 2. Variation of visible transmission (Tvis), haze value, sheet resistance (Rsh) and film thickness (d) of surface textured AZO films as a function 
of HCl etching time from 0 to 50 s, with an initial layer thickness of (a) 900 nm, (b) 700 nm, and (c) 500 nm. 
Figure 3 compares the etched-surface morphologies of the textured AZO films with different initial layer 
thicknesses. As expected, the disparate optical performance mentioned above can be correlated to the different 
morphologies between the HCl-etched thick and thin AZO films. Large crater-like features are observed on both 900 
and 700 nm thick AZO films after etching for 30 to 50 s. These large craters contribute to a high haze value while not 
significantly affecting the electrical conductance. In contrast, a highly porous surface is obtained on the HCl-etched 
AZO films with an initial layer thickness of 500 nm. The resultant surface features tend to be laterally small (~200-
300 nm wide) compared to those of the thick films (about 500-600 nm wide) etched for the same time. In addition, an 
over-etched surface is clearly observed on the 500 nm thick AZO films after 50 s of HCl etching. In contrast, over-
etching is not observed for the thick films. 
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Fig. 3. AFM 3D images of surface textured AZO films with different initial layer thicknesses and HCl etching time. 
4. Conclusion 
In this work, we investigated the effect of thickness variations on the surface texturing characteristics of sputter-
deposited AZO films. As the front electrode of thin-film Si solar cells, the AZO layer needs to have good electrical 
properties and must provide efficient light scattering after the HCl etching process. We have demonstrated that not 
only the sheet resistance, but also the resultant haze value and etched-surface morphology depend on the initial 
thickness of the AZO films. The AZO films need to be thick enough, at least about 700 nm, to obtain good surface 
texturing properties for high-efficiency thin-film Si solar cells. 
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